The reliability in strengthening concrete or steel structures using Carbon Fibre Reinforced Polymer (CFRP) depends on the success of the stress transfer between the two materials. This paper presented a simple numerical approach to simulate the stress transfer by applying partial interaction theory. The numerical approach uses a local bond-slip (τ-δ) model obtained from a previous experimental work. Pull tests were conducted on a dog-bone shaped steel specimens to initiate yielding of the steel. Results from the tests and published data compared with the numerical values show good correlations. These provide useful insights in the existence of full and partial interaction regions along the bonded length of the CFRP.
1.0 INTRODUCTION
The ease of use, the high stiffness-to-weight and strength-toweight ratios combined with the superior environmental durability has made Carbon Fibre Reinforced Polymer (CFRP) so appealing to be used in the area of strengthening and retrofitting [1] . However, the reliability of the strengthening of CFRP to steel or concrete structures depends on the success of the stress transfer between the CFRP plate and steel or concrete element [2, 3] and one of the critical stage is to understand the bond-slip characteristics of CFRP plated steel members which is susceptible to the yielding of the steel. Although considerable amount of research has been conducted on the interaction of steel-CFRP, a few of them touches on the effect of steel yielding [4] .
Bond-Slip Relationship
Bond-slip (τ-δ) relationship plays an important role in characterizing the behavior of CFRP bonded steel. It is used to obtain bond strength, slip, and an effective bond length. An accurate local bond-slip (-) model is important in the modeling of FRP-strengthened RC structures [5] . The problem of violent variations in the strain readings in the CFRP-concrete experiment can be eliminated by replacing the concrete with steel [6] . Various bond-slip models were suggested and out of these, the experimental results indicated that the bilinear model provides the close approximation [4, 7, 8] . Experimentally, the values of the τ-δ are obtained in pull tests as shown in Figure 1 . The bilinear τ-δ relationship is explained where the maximum bond stress, τ max , the maximum slip, δ max and the slip at the maximum bond stress, δ 1 are marked in Figure 2 . The fracture energy, G f , is the area encompassed by the τ max -δ max . As long as the values of τ max -δ max are constant, G f does not change since the area under it does not change. Similarly, when calculating a unilinear relationship where δ 1 is equal to 0, G f does not change as well. 
Past Experiments
Pull test were conducted where 13 specimens were tested as shown in Figure 1 [7] . It consists of a steel block with bonded with CFRP plate. Strain gauges were glued along the bonded length so that the slip can be measured. The average bond stresses were calculated from the readings of the strain gauges upon the intervals of each strain gauge. By integrating the measured strain obtained from the strain gauges glued at the CFRP plate length, the slip can be determined. However, the strain gauges can only give average stresses and can miss the peak stresses. The readings may be affected by local distortion of the plate whilst debonding since the strain gauges are only placed on the outer surface of the CFRP plate. Furthermore, the experiment is costly with the amount of strain gauges attached to the CFRP plate and exhaustive. The improvement in obtaining the - relationship in CFRP-concrete using structural mechanics method was conducted [9] .
A dog-bone pull tests were conducted to investigate the bond behaviour of CFRP plated steel member as shown in Figure 3 [10] . It shows that debonding may occurs at the middle section where the steel has yielded as shown in Figure 3 (b) rather than at the plate end. Based on the finite element analysis conducted in the same research, it was found that there were possibilities of full and partial interaction region to exist on the plated system. The significance of this findings are (a) the full interaction region is not critical and does not need as much attention as the plate end and middle regions and (b) it may affect on how CFRP is used for the strengthening of steel members.
For the purpose of demonstrating plate end debonding, a constant width steel plate glued with CFRP plate has been reported [11] . By varying the FRP bonded length, it was shown that the existence of high bond stress at the plate end translate into debonding no matter what is the bonded length. Excess of the critical bond length measured from the plate end is not going to be affected.
2.0 NUMERICAL METHOD
The partial interaction numerical method developed earlier [6] is modified for this purpose. The dog-bone specimen in Figure 4 (a) is simplified as in Figure 4 (b) due to symmetry. The idealisation should be able to accommodate any local failure plane (L per ) and - relationship, bonded length (L), cross section of the steel (A s ) and CFRP (A p ) and stress-strain profile of the steel plate and CFRP (which includes the Young's Modulus of the steel and CFRP, E s and E p respectively) [12] . The numerical procedures are as follows:  Strain of steel is fixed at the middle ε s (0) and the strain of CFRP, ε p (0) is guessed.  According to the stress-strain profile of the steel and CFRP, the load at the centre, P s (0) and P p (0) are calculated. 

The load in the steel and CFRP is calculated at the end of the first segment :
The corresponding strain for the steel and CFRP are
The slip strain is calculated:
The change in slip over the first segment length is calculated by integrating the slip strain over the segment
 According to the change in slip over the segment length, the slip at the beginning of the second segment is
According to this slip the bond force acting over the second segment is calculated, with the numerical process repeating itself over the subsequent segments.
If the boundary condition is not met, then change the assumed   Figure 5 further illustrates the boundary conditions of the numerical procedure for the solution to be met using the partial interaction theory. Consider the partial interaction region at the right side of the figures. The length of this region is based on the critical bond length, L crit which is defined as the minimum bond length required such that the peak debonding load is attained [9] . Once the critical bond length has been achieved, a full interaction region will exist which has been reported elsewhere [11] where only plate end debonding is considered. If yielding of steel is considered on the left side of Figure 5 , then another partial interaction region will exist due to difference of strains between the steel and CFRP. As yielding is occurring at a specific length, the full interaction will remains in its variable length depending on how long is the bonded length. Solution for the numerical procedure in Figure 5 can be found at the partial interaction regions on left and right. First, the point where the slip=slipstrain=0 at the partial interaction region on the left side of Figure 5 which is the subject of this paper. The second numerical solution is at the partial interaction region on the right side which is reported elsewhere [11] . 
3.0 SPECIMEN PREPARATION AND TEST PROCEDURE
The shape and dimension of the specimen to be tested is shown in Figure 6 . The steel plate was varied in width from 100 mm at the widest to 30 mm at the thinnest. The tapered section was prepared so that yielding of steel can be achieved at the middle section. The constant width of 30 mm that ran for 50 mm in length was designed to provide spaces for strain gauges to be glued. The concentration of the strain gauges at the middle section is more since it is the region of study. Based on calculation, the bonded length of 250 mm has achieved its critical bond length and is applied in the specimen. The thickness of the CFRP plate is 1.2 mm. Two specimens were prepared based on previous experiment [10] ; one with a single layer of CFRP and the other with two layers of CFRP.
Steel surfaces (top and bottom) were sandblasted to enhance the bonding capability and cleaned with acetone to remove any dirt, rust and residues. The adhesive consisted of two parts; A and B which were mixed in the ratio of 1:1. After mixing, there was about 45 minutes for the adhesive to be applied on to the steel block before it became too sticky to be workable. The thickness of adhesive was set approximately 1mm thick by using a 1 mm diameter ball bearing which was glued to the steel surface with a layer of adhesive to keep it even along the bonded length. Then, a sufficient force (a weight of 20 kg) is placed on top of the CFRP plate for a minimum of five hours so that constant thickness of adhesive can be achieved and any excess adhesive out from the CFRP plate can be removed.
Curing was done for five days. Following that, strain gauges were glued on the CFRP and steel surfaces to monitor the longitudinal strain at the middle section. The overall geometrical properties for the specimens are tabulated in Table  1 .For the steel material properties, three tension pull tests were conducted on the steel plate to get the stress-strain relationship as tabulated in Table 2 . The specimens were then tested on a Universal Testing Machine (UTM). 
4.0 TEST RESULTS
The debonding failures were a mix of FRP layer, steel-adhesive layer and CFRP-adhesive layer. At the top surface as shown in Figure 7 (a), the debonding failure occurred on the CFRPadhesive layer failure mainly occurred close to the plate end, whereas, steel-adhesive layer at the middle part of the steel plate. At the bottom surface as shown in Figure 7 (b), the debonding failure occurs at the plate end debonding occurred at the CFRP-adhesive and within the FRP, whereas, layers at the steel-adhesive layer in the middle of the specimen. The FRP did Two layers of CFRP were bonded on sample VW2. The rest of the experimental setup was the same as in sample VW1. Figure 8 shows the specimen at failure. At the top surface, the debonding at the steel-adhesive layer occurred at the middle section and debonding at the CFRP-adhesive layer at the plate end. At the bottom surface, only one side has been debonded, mainly at the steel-adhesive layer.
It is clear from the visual inspection of the failures that the debonding occurs at the steel-adhesive layer at the region where steel yielding is initiated and CFRP-adhesive at the plate end. This is because the ductility of the steel allows huge steel strain increment after reaching the yield point. At the same time the brittle nature of adhesive does not allow the same strain increment, hence debonding is allowed at the steel-adhesive layer. However, CFRP is also brittle at the plate end and since the yielding of steel is unlikely to occur at the plate end, the failure will occur at the CFRP-adhesive, within CFRP or within adhesive layer, depending on the material properties of both materials.
The three stages of behaviour prior to failure; linear-elastic, steel yielding and debonding, were clearly illustrated in loadstrain curve of specimen VW1 and VW2 as shown in Figure 9 and Figure 10 . Readings were taken at the middle point of the specimen. As steel has yielded, the strain increased rapidly at a small increase of load. This is the stage where debonding has been initiated. At debonding stage, no increase of load can be resisted anymore and the CFRP was debonded. Once debonding has occurred, the total debonding of the CFRP occurred rapidly which explains the sudden drop in the graphs. Although there are no significant difference in the debonding failure load between VW1 and VW2, the numerical values show that with the increment of CFRP layer in VW2, the strain value at failure is lower. The description of the failure mode in Figure 9 and Figure 10 is in consistence with the bilinear τ-δ relationship as described in Figure 2 . 
5.0 ANALYSIS OF TEST RESULTS
The debonding of CFRP plated steel when steel has yielded is explained in this section. The values of the τ max and δ max are 22.9 MPa and 0.2 mm respectively and the value for δ 1 is 0.1 mm were obtained from previous research using the same types of adhesive and CFRP plate [6] . Infinite bonded length was used in the numerical method but the length of the area where the steel is allowed to yield is set to follow the experimental specimen.
Once the steel has yielded, the slip increased drastically. Figure  11 shows the slip development of specimen VW1. At linearelastic stage, the slip development is very low throughout the bonded length. Similarly, the bond stress in Figure 12 shows very low values throughout the bonded length. When the steel has yielded, a significant increase of slip is observed in Figure  11 at 0.1 mm which is also the value of δ 1 . The corresponding bond stress in Figure 12 shows that the bond stress has reached its peak (the ascending branch of the τ-δ relationship in Figure  2 ). At debonding, which is defined when the value of δ max has been exceeded, in this case 0.22 mm, the corresponding bond stress is described in Figure 12 . Debonding occurs about 24 mm to 43 mm from the middle section. To the left and right of the debonded length, descending branch of the τ-δ relationship in Figure 2 is observed and peaked at the specified τ max value of 22.9 MPa. The ascending branch follows after reaching the τ max . As the debonding area propagates to the left and right, the τ max will also shifted further to the left and right until the whole bonded length has debonded. However, when full interaction exist due to the high strain increment of the yielding of steel, the debonding will only occur at the partial interaction region as described earlier, until the steel breaks, leaving a scenario where the CFRP is still attached to the steel plate at the full interaction area. This can be observed in Figure 8 (a) where the CFRP is still attached to the steel plate. 
6.0 APPLICATION OF NUMERICAL METHOD
In this section, the application of the numerical method is validated with a published result where similar dog-bone steel plate specimens were tested with varying layers of CFRP [10] . In the research, 13 specimens were tested. The τ-δ relationship was not available from the published reports hence a generic values similar to the current research were applied for the τ max , δ max and δ 1 . Due to this, it is important to note that in this comparison, the accurateness of the resulting values are not as important as the debonding mechanism described by the following comparison of experimental and numerical values.
Two specimens from the published reports were compared, A12 and B17 which have different types of adhesive and CFRP thicknesses. Experimental and FEM results of the published report are reproduced in this section. Figure 13 shows the comparison of load-axial stress of the steel plate. The experimental results were based on the strain readings on the CFRP plate at the middle of the section and compared with the numerical results develop in the current research. From the visual inspection, specimen A12 failed due to debonding in the middle of specimen after the steel plate yielded. In the numerical analysis, the decrease of the CFRP stresses as shown in Figure 13 after the steel has yielded suggesting that the successive yielding of steel leads to the debonding which is also the type of failure occurred on sample VW1. The numerical curve follows the experimental curve quite closely as the steel plate has yielded and after taking more load, both failed at a peak applied load between 185 kN to 200 kN.
The stress recorded by the numerical analysis for specimen B17 (Figure 14) was 1106 MPa prior to debonding in contrast to 1384 MPa from the experiment which exceeded the ultimate tensile stress of 1252 MPa. Since the ultimate tensile strength has been exceeded, the CFRP ruptured instead of debonding. A close proximity of the ultimate value from the numerical method compare to the ultimate tensile stress and the no-solution found in the iteration suggested a similar CFRP rupture failure. Figure 15 shows the bond stress distribution along the bonded length from the experiment and numerical for specimen A12. At 150 kN (149 kN for the numerical analysis), the steel plate has yielded, creating a high bond stress at the middle of the specimen. It was suggested that the debonding may occur first at the middle section before at the plate end based on the high bond stress which also occurred at the plate end. In the numerical analysis as shown in Figure 15 (b) , it is suggested that debonding occurred at the middle section and then propagates toward the plate end as indicated by the debonding propagation of specimen VW1. In essence, the numerical computation in Figure 15 (b) shows a good behavioural correlation to FEM in Figure 15 (a) despite not knowing the exact material properties of the materials used. 
7.0 CONCLUSION
The numerical method developed in this paper, using the partial interaction theory has been proven to shows relatively good correlations with the experimental and FEM results. The numerical method has been able to interact with the -δ relationship and then calculating the strains and stresses at the linear-elastic, yielding and debonding stages. Using the numerical method, it is found that high stress which leads to debonding in the case of dog-bone steel-CFRP specimen may occur at the region where the steel is allowed to yield, backed by the experimental and FEM results. Further works by varying the types of CFRP, steel and adhesive are essential in order to postulate a generic behaviour of the material interactions. 
